In this review, we will discuss the current scientific and clinical progress of calvarial reconstruction. This article aims to present the typical management considerations, the newest innovative materials, and the specialized operative techniques used today.
Preoperative Planning
Two tenets guide calvarial reconstruction: re-establishing contour and protecting cranial contents. To begin this process, a fundamental knowledge of calvaria anatomy and the etiology of defects are important. The calvaria consist of three layers: an outer table of cortical bone, diploic medullary space of cancellous bone, and an inner table of thinner cortical bone. The overlying soft tissues of the scalp consist of five layers: skin (contains hair follicles and sebaceous glands), subcutaneous tissue (contains the scalp vasculature), galea aponeurosis (dense fibrous layer contiguous with the fascia of the frontalis muscle and the temporoparietal fascia), loose areolar tissue (layer which allows superficial layers to shift relative to the pericranium), and the pericranium (the periosteum blood supplying layer of the cranial bones).
10 ►Fig. 1 is an illustration of the anatomy previously described. Defects within each of these layers can result in various forms of trauma, tumor resection, or osteoradionecrosis.
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In addition, a surgeon must be aware and attempt to best manage medical comorbidities. A smoking history, uncontrolled diabetes, and local infections are some aspects that significantly affect wound healing and in turn successful reconstruction.
Importantly, recreating the separation between cranial contents and external elements has been shown to improve neurologic outcomes and aid in cerebral flow and CSF hemodynamics.
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Finally, without adequate reconstruction patients can suffer from a host of significant complications, psychologic distress, headaches, dizziness, and fatigue. 16 
Materials
Calvarial reconstruction dates back hundreds of years, with materials ranging from precious metals and cork to coral and coconuts. [17] [18] [19] Modern options range from autografts to computer mapped implantables, each of which must be tailored to the specific patient. The ideal material can protect intracranial contents has good contour, is malleable, lightweight, and can be easily integrated into native bone. It must also be resistant to infection, prevent a robust inflammatory response, be isothermic and not conduct heat, and not be prone to biologic breakdown.
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Autologous Bone
Autologous bone is an autograft that works best by integrating into the native bone with high potential for growth. This portends to a lower chance of graft loss because infected bone can be salvaged with debridement. Although history has shown multiple harvest sites, including iliac crest and tibia, the modern harvest sites include calvarial bone and split-rib grafts.
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Use of the external table of the cranium with its overlying periosteum was described as early as 1900, and as time has passed, it has remained relevant as an effective means of reconstruction in the modern era. [21] [22] [23] A calvarial graft is the most natural material for reconstruction. It can easily be harvested from the local field-commonly from the parietal skull laterally, where bone is the thickest and a safe distance from the sagittal sinus. A fresh autologous graft provides the ideal structural and histocompatibility properties for osteointegration with a low incidence of infections. 24 The main risks associated with calvarial grafts to consider are limited size due to the original defect and risk of violating the inner table or dura during harvest. The use of split-rib grafts was also introduced in the early 1900s. 25 It can be effective for larger defects, and for cosmetically obvious areas such as a frontal defect. During harvest, removing more than two adjacent ribs can cause chest wall instability; alternating ribs can minimize this risk and contour deformities. Dissection is performed subperiosteally to protect the underlying pleura. Grafts are then bent and placed in a plank fashion within the defect, with gaps filled with bone chips or paste. 13 Concerns raised regarding splitrib grafts include bone movement-solved by rigid fixation with screws and plates-and long-term irregular contour. In the senior author's experience, split-rib is most commonly used and effective in pediatric patients. In addition, it has been found that iliac bone is reliable, with favorable curvature, and good long-term results. All types of autologous grafts run the risk of bone reabsorption, infection, donor-site morbidity and at times poor cosmesis. Interestingly, recent advances in harvesting calvarium from tissue-expander hyperostosis provide a viable alternative to generating bone graft without major donor-site morbidity. 26, 27 Ultimately, if these risks can be avoided, autologous bone meets all the requirements of an ideal reconstructive tool.
Allografts and Xenografts
Initial calvarial reconstruction included animal and cadaveric tissue. Although canine bones and animal horns were common place for the time, the improved outcomes of autografts and bone substitutes made these types of reconstructions obsolete. 28, 29 Similarly, cadaveric cartilage fell out of favor as it was found to insufficiently calcify. Calvarial Reconstruction Badhey et al. 223
Synthetics
As defect size places limits on the usable autologous bone, room is made for synthetic bone substitutes. These materials have become popular as they prevent donor-site morbidity, maintain strength over time without reabsorption, and are malleable enough to be contoured.
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Multiple materials have come in and out of favor, with none established as superior. The most common include titanium mesh, methyl methacrylate (MMA), hydroxyapatite, and polyetheretherketone (PEEK)-each with advantages and disadvantages.
Titanium Mesh
Titanium mesh has multiple uses, either as a long scaffold for reconstruction or as a framework with other materials creating a smooth fused implant. Titanium, is a noncorrosive metal, with limited inflammatory reaction and a minimal risk of infection. [32] [33] [34] It also has the added benefit of covering large defects, with similar contouring preoperatively. 35 The use of mesh plates has drastically increased with the advent of threedimensional computed tomography (3D CT) prefabricated implants. Using customized implants crafted with light-sensitive resin and CT data, stereolithographic models with multiple synthetic bases can be made. 14,36 ►Figs. 2 and 3 show an illustration of a calvarial defect followed by reconstruction with a smooth titanium amalgam plate. Though these customized implants can be fairly costly, patients have reported high satisfaction with both cosmetic results and quality of life in a long-term follow-up study. 37 In addition, titanium mesh is a thermoconductor and depending on mixed metal concentrations can cause scatter artifacts on routine imaging. Finally, over years of implantation, the overlying skin can be thinned with eventual exposure of the mesh.
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Methyl Methacrylate
Methyl methacrylate (MMA) is a synthetic polymer of acrylic acid, able to handle levels of stress similar to that of native bone.
When mixed, it starts as a malleable paste, which when cooled evenly shapes to fit a defect. 39 It is a stable inert substance with minimal local reaction to the meninges. 40 More recently, it has been typically combined with titanium mesh as a structural lattice-this reduces the risk of fracture of pure MMA.
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Methyl methacrylate is a polymeric powder, which when mixed into a paste causes an exothermic reaction. This can cause dangerous burns to local tissues, and during placement, the implant must constantly be irrigated with cool saline. MMA also has a risk of infection in 5% of cases, with an added risk of fracture due to poor native bone ingrowth. The implant itself prevents proper local growth, and is thus commonly avoided in pediatric populations. 43, 44 In an attempt to avoid some of these pitfalls, premade MMA models have become a regular occurrence.
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Hydroxyapatite
Hydroxyapatite is a calcium phosphate with a composition similar to mineral phase bone, but can be mass-produced as a ceramic. 46 Similar to MMA, hydroxyapatite can be combined with titanium mesh to create a fused reconstruction. However, unlike MMA the hardening process is isothermic and it allows for expansion with growing calvarium-with safe use in pediatric patients. With a minimal inflammatory reaction, hydroxyapatite premade prostheses with pores can be constructed to ensure bone ingrowth. 21 Hydroxyapatite should be avoided from contact with the frontal sinus, placement near a coronal incision, or preceding postoperative radiation, as there is an increased risk of infection.
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A disadvantage of hydroxyapatite is a lack of lamellar organization; a low tensile strength implant is prone to fragmenting over time. 43, 48 As a result, it is commonly used for smaller calvarial defects.
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Polyetheretherketone Polyetheretherketone (PEEK) is a chemically inert semicrystalline powder. Implants made of PEEK have strength matching that of cortical bone. 51 This strength along with seamless 3D printing of customized implants has made PEEK a popular option. Its advantage lies in minimal imaging artifact, being nonmagnetic, lightweight, and an inert nonconductor. Unfortunately, the composition of these implants does not provide fodder for osteointegration.
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Preformed Implants
The introduction of 3D CT and its use to create anatomical models revolutionized calvarial reconstruction. Using 3D printing, a patient's natural anatomy can be simply recreated.
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Prior to prefabricated modeling, standardized mass produced models were contoured based on the eye and without ideal instruments. The change to patient-specific implants, created molds tailored to promoting normal bony ingrowth and healing. 53 It was initially thought that these prefabricated implants were limited by the size of a defect. Yet recent studies have shown effectiveness with large scale plates. 54 Now multiple commercial leaders are pioneering more advancements in ways of automated construction and simple implant models.
Conclusion
Options for calvarial reconstruction include autologous split calvarial and rib grafts and alloplastic materials such as titanium mesh, MMA, calcium hydroxyapatite, and PEEK. Successful reconstruction of the calvaria and scalp may require multiple "rungs" on the reconstructive ladder. The key to effective calvarial reconstruction is choosing the ideal material for the defect.
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